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摘 要 
等离激元增强二次谐波效应（Plasmon-Enhanced Second-Harmonic Generation, 
PESHG）由于其展现出了对于近场耦合效应、结构形貌变化等空间变化信息的
极高检测灵敏度和空间分辨能力，因而在超空间分辨技术、高效的非线性光学转
换器件、全光调制和转换以及超材料等研究领域受到越来越多研究者的关注。尽
管 PESHG 的研究在近年来取得了很大的进步，但依然存在着许多重大的科学问
题尚待解决。比如在具体的实验研究中如何引入 PESHG 对纳米尺度变化进行超
高空间分辨表征及分析；基于金属纳米结构的多模式耦合体系下，要实现高效的
PESHG 转换应该遵循怎样的物理机制，特别是在可见光-近紫外光谱区间内，如
何理解和定量分析等离激元耦合模式与金属材料带间跃迁效应对 PESHG 增强机
理的影响；如何理解等离激元纳米结构与非线性材料耦合的异质体系中的
PESHG 增强机理问题，特别是对于不同模式下等离激元共振特性与非线性材料
在空间匹配问题上的讨论，是进一步提高此类体系中 PESHG 转换效率的关键。
与此同时，通过探究不同体系下 PESHG 的增强机理以及对其应用领域进行拓展，
实现高效的 PESHG 转换以及超高的空间灵敏度具有十分重要的科学意义和实际
应用价值。针对 PESHG 研究中涉及的上述问题，我们对金属纳米结构体系以及
金属纳米结构/非线性材料异质体系中的 PESHG 光学特性展开了研究。 
本论文共分为五部分。绪论部分介绍了表面等离激元光子学以及非线性等离
激元光子学的相关理论及研究现状，着重介绍了PESHG效应的基本理论、研究
现状及亟需解决的科学问题，并在此基础上提出本论文的组织架构。第二章着重
介绍了本论文采用的实验和理论表征分析方法。第三章，通过引入壳层隔绝纳米
粒子体系，探究和验证了将PESHG用于超高空间分辨表征方面的可行性，在实
验上首次提出了―PESHG纳米尺‖的概念及相关的解析方程。第四章，通过对三维
金属蘑菇阵列纳米结构的PESHG性能研究，定量地对带间跃迁主导效应以及等
离激元增强效应对PESHG效应信号强度的影响进行讨论，尝试提出名为
―Interband-Transition-Suppressed Multi-Mode Matching (ITS-MMM)‖的等离激元
非线性纳米结构设计思路。第五章，通过构造银碗阵列/氧化锌薄层和银纳米粒
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子/氧化锌纳米腔球壳阵列异质体系两种结构，系统地讨论了异质纳米结构体系
中空间匹配因素对PESHG增强机理的影响。 
本论文工作的创新点及主要研究成果如下： 
1. 利用 PESHG 机制发展了―非线性纳米尺‖的概念。通过引入壳层隔绝纳米粒
子体系，在实验上首次提出了―PESHG 纳米尺‖的概念及相关的解析方程。通过
精细调节金核外部包裹的二氧化硅壳层厚度，将纳米间隙的结构尺寸与 PESHG
效应的信号强度相关联，便得到可用于纳米尺度测距的―PESHG 纳米尺‖，其空
间分辨能力可达到 1 nm 左右。借助 3D-FDTD 方法，定性地对―PESHG纳米尺‖
的物理机制进行解释。因其具有的高光谱精度和较好的信噪比，PESHG 纳米尺
有望成为一种新型超灵敏的能够突破传统光学衍射极限的光学表征手段，进而用
于纳米尺度的距离变化测量。 
2. 多模式共振纳米结构的 PESHG 增强机理研究。通过构造三维金蘑菇阵列纳
米结构，可以证明其能够很好的诱导出体系的二次谐波效应。通过对具有不同组
分材料以及不同形貌参数体系的 PESHG 性能及相应的线性表征结果进行研究，
并结合 3D-FDTD 方法，在实验上第一次定量的对带间跃迁主导效应以及多模式
共振的等离激元增强效应对 PESHG 的影响进行探索，并提出名为
―Interband-Transition-Suppressed Multi-Mode Matching (ITS-MMM)‖的等离激元
非线性纳米结构设计思路。基于以上设计思路，我们获得了γ𝐸𝐹约为 1300 的具有
优异 PESHG 放大能力的平台结构。 
3. 金属纳米结构/非线性材料异质结构体系的PESHG增强机理研究。通过构造
银碗阵列/氧化锌薄层和银纳米粒子/氧化锌纳米腔球壳阵列异质体系两种结构，
系统地讨论了（1）等离激元腔模式与氧化锌薄层在空间上的重叠程度（或者说
有效的空间距离）对异质体系下PESHG效应信号强度的调制作用；（2）如何在
空间上构造金属纳米结构，从而更有效地利用在基频和倍频频段下激发的银纳米
粒子的偶极和高阶（四极）等离激元共振模式，实现对氧化锌材料二次谐波性能
的增强和放大这一问题。我们的工作为设计出高效的PESHG异质纳米结构提供
了新思路。 
 
关键词：表面等离激元；二次谐波效应；表面等离激元共振；有限时域差分法 
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Abstract 
Plasmon-Enhanced Second-Harmonic Generation (PESHG) is of interest to a wide 
application region, ranging from ultrahigh spatial resolution techniques, high-efficient 
nonlinear devices, all optical modulation and switching as well as metamaterials. 
Renewed interest comes from recent advances that allow PESHG to be ultrasensitive 
to near-field coupling effects and to realize the optical shape characterization with the 
ultrahigh spatial resolution. Although PESHG achieves significant progresses in 
recent years, there are still many unsolved major scientific issues. For example, how 
to experimentally introduce PESHG to realize nonlinear nanorulers that are capable of 
accomplishing the detection of the nanoscale distance change with the ultrahigh 
spatial resolution; how to explain the physical mechanism of PESHG within these 
multiresonant metallic nanostructures, especially in the visible to near-ultraviolet 
wavelength region, how to quantitatively evaluate the influence of 
interband-transition dominated effects and plasmon-enhanced phenomena on PESHG 
performances; how to explain the physical mechanism of PESHG within these hybrid 
nanostructures that combine nonlinear dielectrics with plasmonic metals, especially 
for the factor of the spatial overlap between the near-field enhancement and the 
nonlinear dielectric, which plays the key role for the design of high-efficient PESHG 
platforms. Meanwhile, it has great scientific significance and practical application 
value to explore the physical mechanism and the application region of PESHG in 
different systems, and thus largely improve the conversion efficiency and detection 
sensitivity of PESHG. To cure the above involved problems in PESHG, we 
experimentally and theoretically studied PESHG properties of metallic nanostructures 
and hybrid metallic/nonlinear dielectrics systems.  
The thesis is divided into five chapters. In the first chapter, the purpose and main 
tasks of this work were proposed after reviewing the basic theory and the research 
status of surface plasmons (SPs) and nonlinear plasmonics, the main features and the 
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progress of PESHG techniques. In the second chapter, methods of experimentally and 
theoretically characterization of samples were basically described. In the third chapter, 
through introducing Au@SiO2 (core@shell) shell-isolated nanoparticles, we strived to 
maneuver electric-field-related gap modes such that a reliable relationship between 
PESHG responses and gap sizes, represented by ―PESHG nanoruler equation‖, could 
be obtained. In the fourth chapter, we proposed and constructed 3D metallic 
mushroom arrays (MA) for serving as an efficient PESHG platform, and thus 
demonstrated a rule, namely, ―interband-transition-suppressed multi-mode matching 
(ITS-MMM)‖ to quantitatively investigate the influence of interband-transition 
dominated effects and plasmon-enhanced phenomena on PESHG performances. In the 
fifth chapter, we designed and fabricated hybrid ZnO-covered silver-bowl arrays 
(HZSBAs) and hybrid silver-ZnO cavity arrays (HSZCAs), which could serve as an 
efficient platform for PESHG, and then systematically discussed the influence of the 
spatial overlap between the near-field enhancement and the nonlinear dielectric on the 
physical mechanism of PESHG in these hybrid systems. 
The innovative points and key research results are as follows:  
1. We designed nonlinear nanorulers that were capable of accomplishing 
approximately 1-nm resolutions by utilizing the mechanism of PESHG. Through 
introducing Au@SiO2 (core@shell) shell-isolated nanoparticles, we strived to 
maneuver electric-field-related gap modes such that a reliable relationship between 
PESHG responses and gap sizes, represented by ―PESHG nanoruler equation‖, could 
be obtained. Additionally validated by both experiments and simulations, we had 
transferred ‗hot spots‘ to the film-nanoparticle-gap region, ensuring that retrieved 
PESHG emissions nearly exclusively originate from this region, and were 
significantly amplified. The PESHG nanoruler could be potentially developed as an 
ultrasensitive optical method for measuring nanoscale distances with higher spectral 
accuracies and signal-to-noise ratios. 
2. We demonstrated a rule, namely, ―interband-transition-suppressed multi-mode 
matching (ITS-MMM)‖, which overcome adverse effects of noble-metal interband 
transitions and utilized double plasmon resonances at both excitation and emission 
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frequencies, to prompt efficient SH emissions in the near-ultraviolet region. Through 
constructing three-dimensional metallic mushroom arrays that featured co-coupling 
between propagating surface plasmon polaritons and localized surface plasmon 
resonances, we could achieve an enhancement of approximately 1,300 when 
noble-metal interband transitions are notably suppressed. Our work paves the 
foundation for further understanding the mechanism of plasmon-enhanced nonlinear 
phenomena, and provides a general ruler for designing efficient PESHG systems 
3. We designed and fabricated hybrid ZnO-covered silver-bowl arrays (HZSBAs) and 
hybrid silver-ZnO cavity arrays (HSZCAs), which could serve as efficient platforms 
for PESHG. Validated by experiments and simulations, in the case of HZSBAs, we 
demonstrated that the high spatial overlap between the near-field enhancement and 
the ZnO film played the key role for this nanostructure-based PESHG process. The 
enhancement mainly originated from the fundamental wavelength-derived plasmon 
resonance, providing an enhancement factor of approximate 33 times; in the case of 
HSZCAs, we exhibited that the optimization of the spatial design about localized 
surface plasmon resonances (LSPRs) originated from silver nanopartices and ZnO 
cavity units played the key role in hybrid-nanostructure-based PESHG processes. The 
enhancement stemmed from the co-cooperation effect of dipole and quadrupole 
coupling modes of single silver nanoparticle, respectively, at the fundamental and 
harmonic frequency. These results achieved pave the way for future applications, 
which require localized light sources at nanoscale. 
 
Keywords: Surface plasmons (SPs); Second-harmonic generation (SHG); Surface 
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第一章 绪论 
基于金属纳米结构的表面等离激元（Surface Plasmons, SPs）受到来自物理
学、化学、材料科学乃至生物学等多领域研究者的关注。SPs 受到广泛关注的原
因源自于纳米尺度下结构制备及表征技术的发展。这些技术的发展反过来能够让
研究者们更好的调控 SPs 性能，进而拓展其应用领域的发展，比如全光学调控、
磁光数据储存、显微成像以及太阳能方面的研究，更进一步，利用 SPs 原理构造
的传感器件能用于监测和获取生物领域的分子特征信息。 
1.1表面等离激元理论及应用拓展 
1.1.1表面等离激元光子学的发展 
贵金属纳米颗粒能够对不同的光频频段展现出不同的光学响应特性[1-3]，从
而给人们以丰富多彩的视觉体验，如欧洲文艺复兴时期用于欧洲大教堂装饰的彩
色玻璃窗[4]以及陈列在大英博物馆的莱克格斯杯[5]等（图 1-1 所示）。经研究表
明，以上二者之所以能够在不同的光照条件下呈现出斑斓的色彩特性，其原因在
于结构本身掺杂了或者不同金属类型或者不同金属含量的纳米颗粒，而其表现出
的特殊的色彩效果也主要是由于这些金属纳米颗粒对光的散射效果所导致的[6]。
虽然早在中世纪人们就已经熟练的将这些新奇的色彩效果应用到生活当中，然而
对其中蕴含的内在机制却仍然无从得知。直至 1908 年，Mie 通过求解 Maxwell
方程组，才从解析的角度得到了球形纳米颗粒的吸收和散射等光学特性表达式[7]，
进而也为基于金属纳米结构的 SPs 理论揭开了一丝神秘的面纱。 
 
 
图 1-1 金属纳米颗粒呈现出的奇特的光学特性实例。（a）米兰大教堂的彩色玻
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